C onsiderable progress has been made in the study of A x Fe 2−y Se 2 (A = K, Cs, Rb, Tl/Rb, Tl/K) since the discovery of superconductivity at ∼30 K in K 0.8 Fe 2 Se 2 . 1 The dominant phases in A x Fe 2−y Se 2 are now identified to be A 2 Fe 4 Se 5 (so-called 245 phases) that exhibit order−disorder structural transitions due to Fe vacancies followed by antiferromagnetic orderings with large magnetic moments up to 3.3 μ B per iron ion at T N = 478, 534, and 559 K for A = Cs, Rb, and K, respectively.
2
These 245 phases, however, are insulating and not responsible for the observed superconductivity. Studies by transmission electron microscopy, 3 synchrotron X-ray diffraction, 4 Mossbauer spectroscopy, 5 nuclear magnetic resonance, 6 muon spin spectroscopy, 7 scanning tunneling microscopy, 8 infrared spectroscopy, 9 and Raman spectroscopy 10 gave strong evidence that phase separations occur in A x Fe 2−y Se 2 , leading to 245 phases with √5×√5×1 superstructure and coexisting superconducting (SC) phases. Changing initial compositions, heating procedures, and cooling rates did not to prevent the phase separations.
11
SC phases are generally thought to precipitate from A x Fe 2−y Se 2 into nanoscale strips that intergrow with the 245 phases, 4 though other formation routes cannot be ruled out. Their volume fractions are low, 10−20% estimated by various techniques. 4−7 All experimental results suggest that they are isostructural to BaFe 2 As 2 12 with Fe vacancy free and can be represented by chemical formula A x Fe 2 Se 2 . 3c, 4, 6, 8 The deduced alkali occupancies, however, are inconsistent, varying from x = 0.3 to 1.0 4, 6, 8 because of the lack of single-phase samples. Previous efforts to obtain pure or SC-dominated phases by using Bridgeman or other high-temperature routes have failed. A 44 K SC phase with trace fraction was also observed apart from the 30 K phase in some samples, 11a,13 further complicating the identification of SC phases. Thus, one has good reasons to think the previously reported properties of this family of superconductors are flawed or even dubious, considering that the "single-crystal" samples on which measurements were done actually consist of majority 245 phases and minority SC phases. It is a pressing and important issue to obtain pure SC phases or real single crystals to clarify their peculiar electronic structures 14 and study the intrinsic properties of this new family of superconductors.
Previously we reported the syntheses of a series of superconductors with T c = 30−46 K by intercalating metals Li, Na, K, Ba, Sr, Ca, Eu, and Yb between FeSe layers via an ammonothermal route, 15 which allows us to tune the concentrations of intercalated metals at room temperature, implying an alternative for preventing phase separation. Now we report that, in the Kintercalated iron selenides, there are at least two SC phases, differing mainly in potassium concentration. Both phases are Fe vacancy free and can be represented by K x Fe 2 Se 2 (NH 3 ) y , with x ≈ 0.3 corresponding to the 44 K phase and x ≈ 0.6 to 30 K. We show that the inserted NH 3 has little, if any, effect on superconductivity. No antiferromagnetic orderings are observed for either phase. Unlike iron pnictide superconductors, only two discrete potassium doping levels are allowed, to stabilize the structure, and the variation of T c with doping level does not exhibit a dome-like curve, as in the cuprate and pnictide superconductors.
A series of samples K x Fe 2 Se 2 (NH 3 ) y with nominal x = 0.1, 0.2, 0.25, 0.27, 0.3, 0.35, 0.4, 0.45, 0.5, 0.6, 0.7, 0.8, and 1.0 were synthesized by a liquid NH 3 method (details are given in the Supporting Information). The key to obtain phase-pure samples is to use high-purity FeSe precursors; impurities will capture the solvated electrons first and impede potassium intercalation. Chemical analyses were done by inductively coupled plasma atomic emission spectrometry (ICP-AES) for K, Fe, and Se. Caution should be taken to avoid the escape of H 2 Se during measurements, which often leads to underestimated Se contents. ICP-AES analyses indicate Fe:Se is very close to 1:1 for all thusobtained samples within errors <2%, strongly indicating that these samples are Fe vacancy free. The potassium amounts in samples matched well with the predetermined initial amounts, with variations <7% for x < 0.6. Potassium amounts in samples remained at ∼0.6 despite further increasing initial potassium amounts. We determined the NH 3 amounts in these compounds by the standard micro-Kjeldahl method (see Table 1 ). The NH 3 amount, y, varies in samples and is <0.5 in all cases, roughly in inverse proportion with potassium content. Phase identifications were performed on an X-ray diffractometer with Cu Kα radiation. Indexing was aided by use of a Si standard to obtain precise lattice constants. Magnetic measurements were performed on powder samples. The estimated SC volume fractions at 10 K from zerofield-cooling curves and transition temperatures (T c ) for all samples are presented in Table S1 . Figure 1a shows the powder X-ray diffraction (PXRD) patterns for nominal K x Fe 2 Se 2 (NH 3 ) y samples with x = 0.25, 0.4, 0.5, and 0.65. Peaks marked with † are from Si (Standard Reference Material, SRM640), which was added in all samples to correct the diffraction peak positions. All patterns can be indexed as a tetragonal body-centered cell with lattice constants a = 3.82− 3.85 Å and c = 14.8−15.7 Å, indicating that varying amounts of potassium are intercalated between the FeSe layers. We note that (00l) diffractions are the most well-defined among all peaks due to preferred orientations; thus, they are good indicators of phase identification and variation of c with intercalated potassium. From the magnified pattern for (002) in Figure 1b , we can clearly see peak shifts with the potassium intercalations. A striking feature is that the peak shifts are not continuous with the potassium content. Instead, peaks only appear at 2θ ≈ 11.36°and 11.89°, corresponding to c = 15.56(1) and 14.84(1) Å in all samples, respectively. For instance, K 0.25 Fe 2 Se 2 (NH 3 ) 0.49 exhibits one (002) peak at 2θ = 11.36°, and K 0.65 Fe 2 Se 2 (NH 3 ) 0.35 at 2θ = 11.89°, indicating these samples consist of only one Kintercalated phase with different constants c. In contrast, K 0.4 Fe 2 Se 2 (NH 3 ) 0.5 has two (002) peaks, meaning it contains both phases.
The magnetism of all samples was measured from room temperature to 10 K. Shown in Figure 2 are typical M−T curves under zero-field cooling for K 0 . for the SC phase without NH 3 , suggesting that between FeSe layers there exist other atoms or atomic groups, as we previously pointed out. 15 Using a similar method, BurrardLucas et al. 16 intercalated Li into FeSe layers and found that lithium amide and NH 3 exist apart from Li ion in the product compound, characterized by neutron diffractions. Scheidt et al. 17 ruled out the existence of lithium amide between FeSe layers on the basis of their own experiments. To study the effects of NH 3 on structure and superconductivity, we extracted NH 3 while avoiding the collapse of the lattice and found that the optimal extraction temperature is ∼200°C. As-prepared K 0.3 Fe 2 Se 2 (NH 3 ) 0.47 , sealed in a tube, was first placed in an oil bath while slowly heating to 200°C, and then evacuated for several hours. The PXRD pattern (see Figure S1) shows that the tetragonal body-centered phase remains while a expands from 3.843(1) to 3.87(1) Å and c shrinks a lot from 15.56(1) to 14.28(4) Å after the heating process. This c value is very close to that reported for the SC phase obtained by high-temperature routes.
3c,4,8 The temperature-dependent magnetization in Figure  S2 shows the onset T c is still close to 44 K. A similar situation is found in K 0. 6 19 Inserted NH 3 is very likely to form a Hbond, and its position is restricted by the trigonal pyramidal shape. A very tentative structure model has the NH 3 arranged to occupy the space between FeSe layers along with potassium, leading to the expansion of the constant c. NH 3 can be extracted, causing the constant c to decrease, as we demonstrated above.
Last, we point out that all these SC phases are paramagnetic above T c , in agreement with recently reported results.
7 Figure S3 shows the magnetization vs temperature from 10 to 400 K under a field of 1 T for K 0.27 Fe 2 Se 2 (NH 3 ) 0.45 . The magnetization value and its trend vs temperature reveal that the sample contains no Fe vacancy phases, such as 245 phase or Fe 7 Se 8 , agreeing well with the findings of our chemical analyses that the obtained SC phases are Fe vacancy free.
In summary, in the K-intercalated iron selenides, there exist at least two superconducting phases with ThCr 2 Si 2 structure type. Both have vacancy-free FeSe layers, but different potassium concentrations. It is the potassium concentration that determines the SC transition temperatures. K 0.3 Fe 2 Se 2 (NH 3 ) 0.47 and K 0.6 Fe 2 Se 2 (NH 3 ) 0.37 stand out among known superconductors in that their structures are stable only at certain potassium doping levels, and hence the variation of T c with doping is not dome-like. The mechanism behind these unique properties needs further investigation to be understood.
